Significant stress changes are generated when producing reservoirs compact due to large reductions in the reservoir pore-pressure. These stress changes are not confined to the reservoir. The stress and strain is redistributed to the surrounding formations, modifying both velocity and thicknesses in these formations. These changes often manifest themselves as significant timelapse time differences on migrated 4D images. Various authors (Hatchell et al, 2003 and Barkved et al, 2005) have used geomechanical modelling to explain these 4D timeshifts, thereby gaining valuable insight into the behaviour of the whole subsurface around some compacting reservoirs. This has so far been accomplished by assuming a simple relationship between thickness and velocity changes. The modelling is presumably repeated using various updated relationships until a match is obtained with the observed 4D timeshifts. We present an approach in which the 4D time differences are measured on prestack data. Without relying on any assumed relationship between velocity and thickness changes, we use the additional non-zero offset information combined with raytracing and linear least squares inversion techniques to derive the thickness and velocity changes. These resulting velocity and thickness changes combined with density and pore-pressure well data can then be converted to stress and strain changes. The technique should therefore help to close the loop between seismic 4D time differences and geomechanical stress and strain changes.
Introduction
The production of hydrocarbons from compacting reservoirs and associated stress changes can have a significant effect on the rock properties not only in the reservoir but also in much of the surrounding strata. Over the Chalk reservoirs of the North Sea these stress changes often result in subsidence at the sea bed. The Ekofisk field is a prime example where these effects put considerable stress on the in-place sub-seabed infrastructure (Guilbot & Smith, 2002) . It has been shown (Hatchell et al, 2003 ) that these production induced stress changes create velocity and thickness changes throughout much of the subsurface and that they can manifest themselves as sizeable 4D time and amplitude differences. Furthermore, these 4D time differences can be used in an iterative manner to guide the generation of 3D geomechanical finite element models. This study uses the equation for change in vertical travel time t in a single layer of thickness z and velocity v (Landro and Stammeijer, 2004) .
The fact that equation (1) is limited to vertical or zero offset travel time differences prevents a solution for ∆z/z and ∆v/v individually. Consequently, start by assuming a simple fixed relationship R between velocity changes ∆v/v and thickness change ∆z/z in the building of the geomechanical model.
The variation in the value of R and its accumulated effect with depth then becomes a subject of further study (Hatchel and Bourne 2005) . Landro and Janssen (2002) developed an approach to discriminate between thickness and velocity changes using transit time differences on both near and far offset stacks. They pointed out the need for a proper raytracing solution. Roste et al (2004) implemented a single layer approach that uses time differences from all offsets. However, it still depends on an assumed fixed relationship between compaction and velocity changes, and would be erroneous where straight ray assumptions are not valid. In this paper we develop a more general approach using timeshift data from all offsets to estimate thickness and velocity changes that are completely independent of one another. We also show that, with input of density and pore-pressure data from available wells, the resultant thickness and velocity changes can be converted to the stress and strain changes that hydrocarbon production is exerting on both the rock formations and the in-place sub-seabed infrastructure. This technique is demonstrated on a raytraced synthetic that is based on the HP/HT environment of the Central Graben of the North Sea.
Theoretical background
The travel time t n and offset x n of a finite offset ray from a shot to a reflection at the base of layer n and then to a receiver can both be expressed as functions of model layer thicknesses z j , velocities v j , the ray parameter p and dip j . In this work we have assumed local dip j of zero and constant interval velocities within layers. In this respect in equations (3) and (4) we are being consistent with the assumptions made in ray-traced prestack time migration.
From (3) and (4) the sensitivity of travel time and offset to changes in layer thicknesses, velocities and ray parameter can be derived. By relating these sensitivities to the two observations (4D timeshifts and the 4D offset change (normally zero)) and eliminating p sensitivity, a set of linear equations is constructed that can be solved in a least squares fashion to give the velocity and thickness changes ∆v j /v j and ∆z j /z j . The production induced 4D change in effective stress is derived from the uniaxial strain relationship of equation (5). The effective stress due to burial σ zz is related to the existing strain due to burial ε zz by the P-wave modulus (ρv 2 ), with ρ being the supplied density.
zz zz v ε ρ σ 2 = By approximating effective stress σ zz to differential pressure (lithostatic pressure, σ lithpore-pressure, P), differentiating equation (5) and substituting for ε zz we derive the expression for the 4D stress ∆σ zz (positive for negative compaction strain usually associated with a velocity increase).
The differential, or 4D, strain is ∆z/z while ∆ρ is the 4D change in density, which is related to the 4D strain.
Synthetic example
In order to validate the algorithm, a simplistic North Sea ray-traced synthetic has been produced for both a base and monitor survey with offsets ranging from zero to 6000m in increments of 100m. Figure 1a shows the zero offset traces of the base survey synthetic, comprising of impulse wavelets at layer boundaries, overlaid by the base survey interval velocity profile. The tilted reservoir beds are beneath the faster Chalk and a quite thick layer of over-pressured shale. In this synthetic the shale layer has a similar velocity to the reservoir that is immediately beneath it. It is envisaged that the significantly over-pressured reservoir will compact and extend the shale above it, while the stiffness of the Chalk would be expected to resist deformation. In generating this 4D synthetic, the relationship between base and monitor synthetics was constrained by realistic values of R (as defined by . No 4D changes have occurred in the water layer and the layer immediately beneath the seabed. The values of R in the deeper layers are generally ranging between 4.5 and 5.5 except for the layer immediately above the reservoir in which, at one location, R is as high as 10. In clockwise order Figures 1b and 1c show the synthetic 4D changes to ∆v/v and ∆z/z respectively. The compaction of the reservoir generates a 4D velocity increase and thickness reduction, while 4D slowing and thickening relate to extension in the shale immediately above the reservoir and to a lesser extent in the shallower overburden. Figure 1d shows the zero offset 4D time differences that are computed by the raytracing. The base and monitor synthetic are then processed through an algorithm that determines 4D timeshift vector traces using a sample by sample correlation process. The 4D timeshift vector and velocity model are then input to the geomechanical inversion along with the density and pore-pressure profiles that are illustrated in Figure 2a . The density profile is typical of the area with interval density increasing sharply in the Chalk. The pore pressure is also typical of the area and has been taken from available well mudweights and RFT data. There is excessive overpressure just beneath the Chalk in this HP/HT environment. The inverted velocity and thickness changes are seen in Figures 2b and 2c respectively. They are similar to the corresponding design parameters of Figures 1b and 1c that are displayed directly above. Figure 2d shows the estimated effective stress changes that have occurred due to the hydrocarbon production. These stress changes are very extreme, but we believe plausible given that the pressure in the producing reservoir could drop by over 120 MPa. This porepressure drop is from a highly over-pressured base state that is just below lithostatic pressure down to around, or even well below, hydrostatic pressure -a good depletion.
Discussion
An algorithm has been developed that gives encouraging results when tested on a relatively simple synthetic that is based on the geology of the Central Graben of the North Sea with its significant vertical velocity variations. It has been demonstrated that, by inverting 4D prestack timeshifts, it is possible to close the loop between seismic time differences and geomechanical stress and strain changes. It is planned to apply the algorithm to a real 4D data set from the same area. In performing this task, it will be important to optimise the seismic data and velocity data input to the technique by taking into account the following three issues. Firstly, an important assumption in the current method is that offset does not change between base and monitor surveys; consequently good repeatability and regularisation are critical. Secondly, as with all other raytracing techniques, a realistic, geologically consistent velocity model is imperative. The ideal input velocity model would be well consistent, similar to one that would be used to produce an anisotropic prestack depth migration. Thirdly, anisotropy effects should be removed from the input data. One way to do this is to input into the algorithm base and monitor common reflection point gathers that have been produced from an anisotropic depth migration using the base velocity model discussed above.
